Previous observations of ovulation and fertilization defects in cyclooxygenase-2 (COX-2)-deficient mice suggested that COX-2-derived ovarian prostaglandins (PGs) participate in these events. However, the specific PG and its mode of action were unknown. Subsequent studies revealed that mice deficient in EP 2 , a PGE 2 -receptor subtype, have reduced litter size, apparently resulting from poor ovulation but more dramatically from impaired fertilization. Using a superovulation regimen and in vitro culture system, we demonstrate herein that the ovulatory process, not follicular growth, oocyte maturation, or fertilization, is primarily affected in adult COX-2-or EP 2 -deficient mice. Furthermore, our results show that in vitro-matured and -fertilized eggs are capable of subsequent preimplantation development. However, severely compromised ovulation in adult COX-2-or EP 2 -deficient mice is not manifested in immature (3-wk-old) COX-2-or EP 2 -deficient mice, suggesting that the process of ovulation is more dependent on PGs in adult mice. Although the processes of implantation and decidualization are defective in COX-2(Ϫ/Ϫ) mice, our present results demonstrate that these events are normal in EP 2 -deficient mice, as determined by embryo transfer and experimentally induced decidualization. Collectively, previous and present results suggest that whereas COX-2-derived PGE 2 is essential for ovulation via activation of EP 2 , COX-2-derived prostacyclin is involved in implantation and decidualization via activation of peroxisome proliferator-activated receptor ␦.
INTRODUCTION
Prostaglandins (PGs) have long been known to participate in female reproductive functions, including ovulation, fertilization, implantation, and decidualization [1] . These lipid mediators are generated by the cyclooxygenase (COX) pathway. Cyclooxygenase is the rate-limiting enzyme for the conver- sion of arachidonic acid into PGH 2 , the precursor for various PGs that are generated via specific PG synthases [2] , and it exists in two isoforms, COX-1 and COX-2. These isoforms are encoded by two separate genes and show distinct, cell type-specific expression. The expression of COX-1 is generally constitutive, whereas that of COX-2 is inducible by growth factors, cytokines, and a variety of inflammatory stimuli [2] . Gene-targeting experiments in mice have established distinct functions of these isoforms. For example, COX-1-deficient females are fertile, with specific parturition defects, whereas COX-2-deficient females are infertile, with abnormalities in ovulation, fertilization, implantation, and decidualization [1, 3, 4] . Furthermore, our recent evidence suggests that COX-2-derived prostacyclin (PGI 2 ) is the primary PG at the implantation site, and that this PG participates in implantation via activation of peroxisome proliferator-activated receptor (PPAR)-␦ [5] .
The diverse effects of PGs are normally mediated through their G protein-coupled, cell-surface receptors that are linked to different signaling pathways [6] , although certain PGs can also function as ligands for PPARs, members of the nuclear hormone superfamily [5] . Cell-surface receptors for PGE 2 , PGF 2␣ , PGD 2 , PGI 2 , and thromboxanes have been cloned as EP, FP, DP, IP, and TP, respectively [7] . Moreover, PGE 2 mediates numerous biological functions in the cardiovascular, pulmonary, renal, endocrine, gastrointestinal, neural, reproductive, and immune systems by binding to and activating a set of functionally distinct EP-receptor subtypes: EP 1 , EP 2 , EP 3 , and EP 4 [7, 8] . We have previously shown that PGE 2 -receptor subtypes are uniquely expressed in the peri-implantation mouse uterus [9, 10] , suggesting roles of PGE 2 in periimplantation events. However, results of gene-targeting experiments have shown that EP 1 -and EP 3 -deficient female mice have normal fertility, suggesting their nonessential roles in ovulation, fertilization, and implantation [11] . In contrast, EP 4 deficiency in embryos mostly results in perinatal lethality, preventing further investigations of its role in these events [12] . Interestingly, EP 2 null females exhibit impaired reproductive functions, with smaller litter sizes. It has been suggested that defective ovulation and fertilization contribute to this phenotype [13] [14] [15] . However, critical investigation is still lacking to define the dysregulation of specific events that contribute to this reduced fertility in EP 2 null females. It can be assumed that defective ovulation and fertilization in COX-2-deficient mice result from PGE 2 deficiency, whereas the loss of EP 2 contributes to these defects in EP 2 (Ϫ/Ϫ) mice. Collectively, these data suggest that COX-2-derived PGE 2 interacts with its cognate receptor EP 2 for directing ovulation and fertilization. However, the site and stage of action of PGE 2 during follicular growth, ovulation, or fertilization are not clearly understood.
The success of ovulation is dependent on normal follicular growth, oocyte maturation, and rupture of the preovulatory follicles under the influence of pituitary gonadotropins. Normally, oocytes undergo ovulation after completion of the normal developmental programming within the ovary. Fertilization of mature oocytes occurs if healthy spermatozoa are present within a specific time period at the site of their union in the oviduct ampulla. Therefore, the reduced fertility in COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) female mice could result from either defective follicular growth, oocyte maturation, fertilization, development of preimplantation embryos, and/or implantation. The present investigation examined the roles of PGs during ovulation, fertilization, implantation, and decidualization in mice. 
MATERIALS AND METHODS

Reagents
Media
Human tubal fluid (HTF) medium was used for in vitro fertilization [16] , whereas potassium simplex optimization medium (KSOM) was used for mouse embryo cultures [17] . For in vitro maturation experiments, Waymoth MB 752/1 medium, supplemented with 5% v/v FBS, pyruvic acid (0.23 mM), penicillin G (75 mg/L), streptomycin sulfate (50 mg/ L), and human FSH (1 g/ml; NIDDK/NIH), was used.
Animals and Treatments
The disruption of the COX-2 and EP 2 genes has been previously described [3, 13] . Polymerase chain reaction analysis of genomic DNA was used for genotyping. Homozygosity of COX-2 null mice was further confirmed by measuring blood urea nitrogen levels [1] . All of the mice used in the present investigation were housed in the animal care facility at the University of Kansas Medical Center according to National Institutes of Health and institutional guidelines on the care and use of laboratory animals.
Superovulation, In Vitro Fertilization, and Embryo Culture
Mice were subjected to superovulation by i.p. injections of eCG (5 IU), followed by injections of hCG (5 IU) 48 h later. Ovulated eggs were collected from ampullae 14 h after the hCG injections and placed in 100-l droplets of HTF medium. To disperse cumulus cells, 0.1% hyaluronidase was added to the medium. In our preliminary experiments, a low fertilization rate was observed when ovulated eggs were inseminated in vitro with wild-type spermatozoa from C57Bl/6 mice (13%; 20/153). Therefore, in our subsequent experiments, we performed partial zona-pellucida dissection (PZD) to assist sperm penetration through the zona, as previously described [18] . Spermatozoa were collected from the cauda epididymidis and preincubated for 2-3 h in 400 l of HTF medium to allow capacitation before insemination. After capacitation, the spermatozoa were introduced into 200-l droplets of the fertilization medium at a final concentration of 700 spermatozoa/l. Four hours after insemination, oocytes were washed thoroughly five times, followed by culture in KSOM medium. All embryos were incubated in 100-l droplets of culture medium overlaid with mineral oil in a humidified atmosphere of 5% CO 2 in air at 37ЊC.
In Vitro Oocyte Maturation
Unexpanded, cumulus cell-enclosed, germinal vesiclestage oocytes were isolated from mice 47 h after i.p. injections of eCG (5 IU) by puncturing the large antral follicles with a needle. Oocyte-cumulus complexes were matured in 50-l droplets of maturation medium overlaid with mineral oil for 17 h in a humidified atmosphere of 5% CO 2 in air at 37ЊC. After maturation, oocytes were subjected to fertilization, and the embryos were cultured as described above.
Blastocyst Transfer and Implantation
Pseudopregnancy was induced in EP 2 (Ϫ/Ϫ) virgin female mice by mating with wild-type vasectomized males. Because these mice were suspected to have ovulation defects, they were maintained on daily s.c. injections of progesterone (P 4 ; 1 mg/mouse) from Days 3-7 to ensure that an inadequacy of ovarian P 4 excretion was not the cause of implantation failure. Day 4 wild-type blastocysts were transferred into Day 4 pseudopregnant recipient uteri [1, 19] . On Day 8, the number of implantation sites was recorded after i.v. injections of a Chicago blue B dye solution in saline; implantation sites were demarcated as localized blue bands along the uterine horns [19] .
Induction of Decidualization
Adult wild-type, EP 2 (ϩ/Ϫ), and EP 2 (Ϫ/Ϫ) females were mated with wild-type vasectomized males to induce pseudopregnancy (Day 1 ϭ vaginal plug). The EP 2 (Ϫ/Ϫ) mice were treated daily with P 4 (1 mg/mouse) from Days 3-7 to compensate for any deficiency of this steroid because of suspected poor ovulation in these mice. On Day 4, the induction of deciduoma was initiated by an intraluminal infusion of sesame oil (25 l) in one uterine horn. The contralateral horn served as a control. The mice were killed on Day 8, and wet weights of the infused and noninfused (i.e., control) uterine horns were recorded. The fold induction in uterine wet weights was used as an index to compare decidualization in EP 2 -deficient mice with that of wild-type and EP 2 (ϩ/Ϫ) mice [1] .
RESULTS
Ovulation Is Defective in COX-2-or EP 2 -Deficient Mice
To examine the ovulation status in COX-2 (129ϫCBl/ 6)-or EP 2 (129SvEvϫC57Bl/6)-deficient mice, superovulation was induced by treating 2-to 8-mo-old mice with eCG and hCG. As shown in Figure 1A , an average of 32 eggs was recovered from 20 of 20 wild-type mice. In contrast, an average of approximately four eggs was recovered from 11 of 23 (47.8%) COX-2(Ϫ/Ϫ) mice, whereas an average of approximately five eggs was recovered from five of eight (62.5%) EP 2 (Ϫ/Ϫ) mice. These results show that the process of ovulation becomes extremely poor with the FIG. 1. Superovulation in adult and immature COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice. Adult (A; 2-to 8-mo-old) or immature (B; 3-wk-old) mice were subjected to superovulation by eCG priming, and ovulated eggs were collected from ampullae 14 h after hCG injections. The number of eggs ovulated was recorded after dispersion of cumulus cells by hyaluronidase. The number of eggs in adult mice showing ovulation was significantly lower in COX-2(Ϫ/Ϫ) and EP 2 (Ϫ/Ϫ) mice, whereas in immature mice, the number of eggs was significantly lower only for EP 2 (Ϫ/Ϫ) mice, as compared to wild-type/heterozygous mice (P Ͻ 0.05, unpaired Student t-test). The number of mice ovulated/total number of mice examined is shown above each bar. Results are mean Ϯ SEM.
loss of COX-2 or EP 2 functions, suggesting an important role of COX-2-derived PGE 2 in this process.
Because age could be a determining factor for ovulation and other investigators have observed a minor defect in ovulation for EP 2 (Fig. 1B) . However, the number of ovulated eggs between COX-2(ϩ/Ϫ) and COX-2(Ϫ/Ϫ) mice showing ovulation was not statistically different. Nonetheless, ovulation in younger COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice that responded to gonadotropins for superovulation was superior compared to that in adult COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice. These results suggest that the ovulatory process in the absence of COX-2 or EP 2 is a function of age (i.e., with aging, the ovulatory process becomes more dependent on EP 2 -mediated PG effects).
Our next objective was to examine whether the fertilization rate and preimplantation embryo development of the ovulated eggs from immature and adult COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice were normal. We initially observed that only 13% (20/153) of the superovulated wild-type eggs lacking the cumulus layer showed fertilization in vitro after insemination with wild-type spermatozoa obtained from C57Bl/6 mice. This poor fertilization rate was dramatically improved by PZD to assist sperm penetration through the zona [18] . Thus, PZD was routinely used for all subsequent in vitro fertilization experiments. The estimate of fertilization rate was based on two-cell or further embryonic development; thus, the rate presented here underestimates the actual fertilization rate. As shown in Figure 2A , 84% and 63% of the ovulated eggs retrieved from immature COX-2(ϩ/Ϫ) and EP(ϩ/Ϫ) mice, respectively, reached at least the two-cell stage after in vitro fertilization, and a majority of them developed to blastocysts. No differences were noted for the in vitro fertilization rate or subsequent development of fertilized eggs retrieved from immature mice with null mutation for the COX-2 or EP 2 gene. A similar observation was observed in adult mice, with the exception that the number of ovulated eggs in COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice was very small (Fig. 2B) , although the in vitro fertilization rate and preimplantation development of these eggs after fertilization were similar to those of wild-type mice. However, it should be noted that preimplantation development of fertilized eggs in experiments with EP 2 mice were considerably lower than those observed in experiments with COX-2 mice. This lower preimplantation growth rate could result from shuttle changes in culture conditions between the two experiments performed at two different times or from the different genetic backgrounds of the mice used.
Ovarian Responses to eCG Are Normal in COX-2-or EP 2 
-Deficient Mice
Although adult COX-2-or EP 2 -deficient mice have ovulation defects, the site and the underlying cause of these defects were not clearly understood. Ovulation defects might result from defective follicular growth and/or oocyte maturation. To address this issue, we induced follicular growth by treatment with eCG and retrieved oocytes from the eCGprimed preovulatory follicles to examine their in vitro maturational competency. As shown in Figure 3 , no significant differences were found in the number of oocyte-cumulus cell complexes retrieved from either COX-2(ϩ/ϩ) or COX-2(Ϫ/Ϫ) mice: an average of 18 and 26 oocyte-cumulus complexes were retrieved from five of five COX-2(ϩ/ϩ) or COX-2(Ϫ/Ϫ) mice, respectively. Similarly, no differences were found in the number of cumulus-oocyte complexes retrieved from either EP 2 (ϩ/ϩ) or EP 2 (Ϫ/Ϫ) mice: an average of 20 and 22 oocyte-cumulus complexes were recovered from five of five EP 2 (ϩ/ϩ) and EP 2 (Ϫ/Ϫ) mice, respectively. These results suggest that the ovaries respond normally to eCG for follicular development in the absence of either COX-2 or EP 2 . We next sought to examine the in vitro maturational competency of these oocytes.
FIG. 2.
Developmental rates of in vitro-fertilized eggs retrieved from 3-wk-old or adult COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice. Eggs retrieved from immature (A) or adult (B) mice were fertilized in vitro as described in Materials and Methods. Four hours after insemination, eggs were cultured in KSOM medium in 100-l droplets overlaid with mineral oil in a humidified atmosphere of 5% CO 2 in air at 37ЊC. Developmental rates were evaluated using the 2 test and were not significantly different between homozygous null and wild-type/heterozygous mice. The number of embryos that developed to beyond the two-cell stage or blastocysts/total number of fertilized eggs is shown above each bar.
FIG. 3.
Number of preovulatory oocyte-cumulus cell complexes retrieved from COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice after eCG injection. Unexpanded, cumulus cell-enclosed, GV-stage oocytes were isolated from five mice in each group 47 h after eCG treatment by puncturing the large antral follicles with a needle. The number of oocyte-cumulus complexes retrieved was not significantly different between the homozygous null and wild-type mice (unpaired Student t-test). The results are mean Ϯ SEM.
Maturational Competency of Oocytes Retrieved from the eCG-Primed Ovaries Is Normal in Adult COX-2-or EP 2 -Deficient Mice
In vitro culture technique was employed to examine the maturational competency of preovulatory oocyte-cumulus cell complexes. As shown in Figure 4A , 92% (85/92) of COX-2(ϩ/ϩ) and 88% (90/102) of EP 2 (ϩ/ϩ) oocytes showed maturation in vitro. This rate was similar to that observed in oocytes obtained from COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice. The rate of maturation for COX-2(Ϫ/Ϫ) oocytes was 92% (119/130), whereas that of EP 2 (Ϫ/Ϫ) oocytes was 80% (86/108). These results suggest that the ovaries of these adult null mice respond to eCG for follicular growth, and that oocyte retrieval and their maturation in vitro are normal. The oocyte maturation process is initiated by expansion of the cumulus mass and germinal vesicle breakdown, followed by final maturation leading to extrusion of the first polar body (Fig. 4B) . Our next objective was to examine whether these in vitro-matured oocytes undergo fertilization and normal preimplantation development.
Fertilization and Developmental Competence of In VitroMatured Oocytes Derived from Adult COX-2-and EP 2 -Deficient Mice Are Normal
In vitro fertilization followed by embryo culture was employed to determine the competency of in vitro-matured oocytes for fertilization and preimplantation development. The cleavage of fertilized eggs to the two-cell stage or beyond was used as a parameter for successful in vitro fertilization and developmental competency. As shown in Figure  5A , 46% (36/79) of wild-type, in vitro-matured oocytes showed successful fertilization and developed to the twocell stage or beyond. This rate was similar (51%, 58/113) to that observed for oocytes obtained from COX-2(Ϫ/Ϫ) mice. In experiments with EP 2 mice, 75% (52/69) of the oocytes obtained from EP 2 (Ϫ/Ϫ) mice successfully fertilized and developed to the two-cell stage or beyond in vitro. This rate was, again, similar (79%, 61/77) to that observed for wild-type oocytes (Fig. 5A) . In experiments with COX-2(ϩ/ϩ) or COX-2(Ϫ/Ϫ) mice, more than 10% of the FIG. 4 . In vitro maturation of oocyte-cumulus cell complexes retrieved from COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice. A) In vitro maturation. Oocyte-cumulus cell complexes, retrieved from ovaries primed with eCG for 47 h, were cultured in maturation medium (50 l) overlaid with mineral oil for 17 h in a humidified atmosphere of 5% CO 2 in air at 37ЊC. Cumulus expansion and first polar body extrusion were used to define maturation. Maturation rates were evaluated using the 2 test and were not significantly different between homozygous null and wild-type mice. The number of matured oocytes/ total number of oocyte-cumulus cell complexes examined is shown above each bar. B) Cumulus expansion and first polar body extrusion in eggs retrieved from EP 2 (Ϫ/Ϫ) mice. Unexpanded (a) and expanded (b) cumulus cell complexes before and after culture for 17 h are shown at ϫ360 and ϫ95, respectively, whereas matured (c; metaphase II, first polar body extruded) oocytes are shown at ϫ310. Note cumulus cell expansion of the cultured complexes in b.
in vitro-matured and -fertilized eggs developed to the blastocyst stage, whereas blastocyst formation was more than 30% in experiments with EP 2 (ϩ/ϩ) or EP 2 (Ϫ/Ϫ) mice. Furthermore, many of these blastocysts showed signs of zona hatching (Fig. 5B ). The differences in the rate of blastocyst formation between the experiments with COX-2 and EP 2 mice could result from differences in the genetic backgrounds of the mice used. Nonetheless, the results suggest that COX-2 or EP 2 is not essential for oocyte maturation, fertilization, or preimplantation development in vitro.
Wild-Type Blastocysts Implant Normally in EP 2 (Ϫ/Ϫ) Mice
Mice deficient in EP 2 have reduced fertility with respect to litter size (13) (14) (15) , and this could result from defects in ovulation, fertilization, implantation, and/or pregnancy maintenance. Although we show herein that EP 2 -deficient mice exhibit poor ovulation rates, we wanted to determine whether they also exhibit implantation and decidualization defects. Blastocyst transfer experiments were used to address this question. Day 4 wild-type blastocysts were transferred into uteri of Day 4 pseudopregnant wild-type or EP 2 (Ϫ/Ϫ) mice. The implantation rate was 48% (48/100) in EP 2 -deficient mice (n ϭ 6), and this rate is similar to that observed in wild-type mice (41.7%, 83/199, n ϭ 12). All of the mice in each group showed implantation when examined on Day 8. These results clearly demonstrate that implantation in EP 2 (Ϫ/Ϫ) mice, unlike that in COX-2(Ϫ/Ϫ) mice, is normal.
Decidualization Occurs Normally in EP 2 (Ϫ/Ϫ) Mice
Decidualization occurs in the uterine stroma with initiation of the blastocyst attachment to the uterine luminal FIG. 5. Development of oocytes retrieved from COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice after in vitro maturation and fertilization. Oocytes, after maturation, were subjected to fertilization and cultured in 100-l droplets of KSOM medium under mineral oil in an atmosphere of 5% CO 2 in air at 37ЊC to monitor further development. A) Developmental rates were evaluated using the 2 test and were not significantly different between homozygous null and wild-type mice. The number of embryos that developed to or beyond the two-cell stage or blastocysts/total number of fertilized eggs is shown above each bar. B) Oocytes retrieved from EP 2 (Ϫ/Ϫ) mice showing in vitro development to two-cell embryos (a) and hatching of blastocysts (b) after in vitro maturation and fertilization. ϫ310. epithelium. In pregnant mice, the stimulus for decidualization is the implanting blastocyst. However, this process can be experimentally induced in the pseudopregnant mouse uterus by an intraluminal infusion of oil. Using this model, we have previously shown that COX-2 is critical for decidualization in the mouse [1] . However, whether COX-2-derived PGE 2 , via activation of EP 2 , plays any major role during this process is not yet known. To address this question, we compared decidualization in EP 2 (Ϫ/Ϫ) mice with that of wild-type or EP 2 (ϩ/Ϫ) mice using an established protocol of intraluminal oil infusion [1] . The fold induction in uterine weights between the infused and noninfused horns indicated the extent of decidualization. As shown in Figure 6 , EP 2 (Ϫ/Ϫ) mice exhibited an approximately 16-fold increase in wet weight of the infused uterine horns, and this increase was similar to that in wild-type or EP 2 (ϩ/Ϫ) mice (15-fold). Because no significant difference in this response was found between the wild-type and EP 2 (ϩ/Ϫ) mice, the results were combined and compared with those of the EP 2 (Ϫ/Ϫ) mice. Collectively, these results suggest that both the initial attachment reaction and the subsequent decidualization process are normal in EP 2 (Ϫ/Ϫ) mice.
DISCUSSION
The highlights of the present investigation are that ovulation is defective in adult COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) mice, although follicular growth in vivo and oocyte maturation in vivo or in vitro are, apparently, normal. Furthermore, subsequent in vitro fertilization of oocytes and their development in vitro proceed normally. The poor ovulation rate in COX-2(Ϫ/Ϫ) mice, as recorded in the present investigation, confirms our previous observation [1] . However, the normal follicular development, even in the face of the poor ovulation rate, in these mice is suggestive of normal oocyte maturation. On the other hand, our findings of severe impairment of ovulation in adult EP 2 (Ϫ/Ϫ) mice in response to exogenous gonadotropins are at variance with the modest ovulation defects observed by Hizaki et al. [14] and in sharp contrast to those of Tilly et al. [15] , who did not observe reduced ovulation in these mice using a similar superovulation protocol. The major defects these two groups of authors observed were impaired oocyte maturation and fertilization. The differences among the three studies could be caused by the use of different ages of mice and/or their genetic backgrounds. Indeed, our present results also show that the ovulation rate in 3-wk-old COX-2-or EP 2 -deficient mice was superior to that observed for adult mice. Our results in 3-wk-old EP 2 (Ϫ/Ϫ) mice (129SvEvϫC57Bl/6 strain) are comparable to those of Hizaki et al. [14] , who also used 3-wk-old mice (129/OlaϫC57Bl/6 strain) for superovulation. However, the mice used in studies by Tilly et al. [15] were of 129/Olaϫ129/SvEv background, although the ages of the mice used in the ovulation and fertilization studies were not indicated. The reason for using 2-to 8-mo-old mice in our studies was based on our initial findings that adult C57Bl6/SJL mice, after superovulation, produced an increased number of superior eggs (data not shown). Recent evidence shows that differential phenotypic responses are evident in gene-targeted mice with different genetic backgrounds, and that physiological responses to a specific stimulus are also dependent on the genetic background of the mice [20, 21] . Our present results suggest that the ovulation efficiency in wild-type mice is not significantly altered between immature and adult mice, but that in the absence of COX-2 or EP 2 , this process becomes defective with aging. The mechanism underlying this observation is currently unknown.
The release of the ovum from the follicle requires both activation and expansion of the cumulus oophorum and initiation of proteolytic cascades to lyse the follicular wall [22] . Activation of the cumulus oophorum is characterized by polarization and expansion of the granulosa cells surrounding the oocyte, with the production of hyaluronic acid-enriched proteoglycans [23, 24] . This process is critical to successful ovulation and fertilization, because inhibition of hyaluronic acid synthesis suppresses cumulus cells expansion and decreases fertilization rates [25] . Defective ovulation in COX-2-deficient mice was attributed to an abnormal cumulus oophorum expansion and subsequent stigmata formation [26] . Cyclooxygenase-2 is induced in granulosa cells in response to the preovulatory gonadotropin surge [27] [28] [29] , and the coordinate expression of COX-2 in granulosa cells of the mature follicles with the gonadotropin surge provides compelling evidence that COX-2-derived PGs are important for ovulation [29] [30] [31] [32] [33] . An accumulation of COX-2 is also observed in the cumulus cells surrounding oocytes in the antral follicles and in the ovulated eggs of wild-type mice [1] , suggesting its role in cumulus expansion and oocyte maturation in vivo before ovulation.
Treatment with gonadotropins induces EP 2 expression in a temporal fashion, similar to that of COX-2, in cumulus cells [14] . These results suggest that COX-2-derived PGE 2 signals, via one of its cognate receptor subtypes, EP 2 in the processes of cumulus expansion and ovulation. In EP 2 -deficient mice, cumulus expansion proceeded normally in preovulatory follicles but became abortive in a number of ovulated complexes, indicating that EP 2 is involved with cumulus expansion in the oviduct in vivo [14] . These results demonstrate the importance of EP 2 -induced cumulus expansion during the final stage of oocyte maturation [14] . In contrast, our studies provide evidence that cumulus-oocyte complexes retrieved from EP 2 -deficient mice after eCG priming show normal cumulus expansion and oocyte maturation in the presence of FSH in vitro. This suggests that EP 2 is not essential for these processes, at least under in vitro conditions. Furthermore, the poor fertilization rate in EP 2 (Ϫ/Ϫ) mice, as observed by other investigators, could result from zona hardening and/or other associated defects in vivo that normally occur under in vitro conditions [34] . This assumption is consistent with our observation of heightened in vitro fertilization rates of wild-type, COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) oocytes after zona nicking. In addition, asynchronous ovulation, or defective sperm migration and/or capacitation, in the reproductive tract of EP 2 -deficient females could also be responsible for poor fertilization in vivo.
The successful fertilization and preimplantation development of in vitro-matured and -fertilized COX-2(Ϫ/Ϫ) or EP 2 (Ϫ/Ϫ) oocytes suggest that COX-2-derived PGE 2 of maternal origin is not required for these processes. Because wild-type spermatozoa were used for insemination generating all heterozygous embryos, PGs of paternal origin may have influenced fertilization, whereas PGs of paternal and/ or embryonic (after activation of the embryonic genome) origin may have influenced subsequent development. Because both COX-2-and EP 2 -deficient males are fertile, PGs of sperm origin likely contribute little to fertilization.
Although the ovulation process is severely affected in adult COX-2-or EP 2 -deficient mice, the mechanism by which COX-2-derived PGE 2 affects this process is not clearly understood. Proteolytic cascades are involved in the process of ovulation; however, the exact nature of the proteolytic events is not yet clearly defined. It is known, however, that P 4 is involved in ovulation, because inhibition of P 4 synthesis blocks this process [35] and oocyte release is absent in P 4 receptor-deficient mice [36] . A recent report provides evidence that proteases of the disintegrin-metalloproteinase family (ADAMTS-1) and cathepsin L, but not metalloproteinases, are involved in P 4 -regulated ovulation in the mouse [37] . Determining whether ovulation defects in COX-2-or EP 2 -deficient mice involve ADAMTS-1 or cathepsin L will require further investigation. However, a recent finding of heightened synthesis of P 4 , PGs, and EP 2 in mouse granulosa cells by oocyte-derived growth differentiation factor-9 (GDF-9) suggests a relationship between P 4 and PGs in the ovulatory process, and that COX-2-derived PGE 2 and its receptor subtype EP 2 are the downstream targets of GDF-9 [38] .
Although implantation and decidualization are defective in COX-2-deficient mice [1, 5] , our present results and those of Hizaki et al. [14] demonstrate that these events are apparently normal in EP 2 -deficient mice. In conclusion, our previous and present investigations provide evidence that whereas ovarian COX-2-derived PGE 2 is important for ovulation, the uterine COX-2-derived PGI 2 is important for implantation, demonstrating diversification of COX-2-derived PGs in female reproduction.
